The structure of 72 Se was investigated following the /β + decay of 72 Br produced in the 58 Ni( 16 O, pn) reaction at 50 MeV. Using a beam chopping system, off-beam γ -ray decay data was collected with an array of clover Ge detectors. γ -γ coincidence measurements provided a significant modification of the prior level scheme, and γ -γ angular correlation measurements allowed spin determinations and multipole mixing ratio extraction. The new information on the non-yrast states was combined with previous in-beam data to investigate the issue of shape coexistence by comparing to various configuration mixing approaches. Clear evidence for shape coexistence is found, with a ground state of modest, or slightly oblate, deformation and a well-deformed prolate shape that would lie at an unperturbed excitation of 875 keV. The shape mixing is near complete at low spin.
I. INTRODUCTION
Shape coexistence in the light selenium isotopes has been the subject of intense debate in the past few years, with evidence presented for oblate ground states [1, 2] , which was challenged [3] , supported [4] , and once more cast in doubt [5] . Independent of the interpretation of the ground-state structure, the dynamic behavior becomes dominated by prolate collective rotation, at modest (∼1 MeV) excitation energy. In fact, shape coexistence in the selenium isotopes has a long history, and 72 Se was one of the first nuclei ever found to show such behavior [6] [7] [8] . The topic remains important today as shape coexistence and mixing in these nuclei continues to be a theoretical challenge and a real testing ground for shell-model and density functional approaches. New interest and measurements in Se have fostered a number of microscopic calculations [3, 4, [9] [10] [11] . However, to complement these approaches, more empirical methods quantifying the configuration mixing are still important analysis tools. The key issues that need inferring are the exact competing shapes, their relative excitation, and the degree of mixing between shapes. The most controversial aspect is experimentally differentiating between soft-spherical shapes that vibrate, and true oblate shapes with small deformations that are rotating collectively.
The most defining experimental signature of shape coexistence in this region is the presence of a low-lying (<1 MeV) J π = 0 + state, with a configuration significantly different from the ground-state structure. This is the case in 72 Se, where the first excited 0 + state lies only 75 keV above the 2
state. Furthermore, the moment of inertia of the ground-state band exhibits pronounced irregularities. Figure 1 illustrates these unusual features with a plot of 2I/h 2 vs (hω) 2 for the ground-state bands of 68, 70, 72, 74 Se. 68 Se has a smoothly evolving band interpreted [1] as collective oblate rotation. In 70,72 Se, the low-spin states are significantly perturbed, while the states with J > 6 follow the behavior expected for a rotational band with constant moment of inertia and constant deformation. For 74 Se, the moment of inertia evolves more smoothly than in 70, 72 Se, however, there are still some obvious departures from that expected for a regular rotational band.
Reference [6] first observed the irregularities in the moment of inertia of the ground-state band of 72 Se and that the energies and decay properties of the low-lying states did not agree with the simple model of a spherical vibrational nucleus. Based on these observations, the excited 0 + state and states of the yrast band with J >4 were interpreted [6] [7] [8] as a deformed K π = 0 + band coexisting with vibrational states coming from a spherical ground state. The first 2 + states in 72 Se were discussed in terms of strong mixtures of 1-phonon vibrational and rotational states. Later, Lieb and Kolata [12] analyzed 72 Se in a variety of different models, including the rotational and vibrational limits of the geometric collective model, simple two-level mixing, as well as the interacting boson model (IBM). Their conclusion was that all known observables in 72 Se could not be adequately described by any of the simple models.
More recently, lifetimes in the yrast band of 72 Se have been remeasured [4] with high precision. In the same work, Hartee-Fock-Bogoliubov (HFB-) based configuration mixing calculations predicted an oblate character for the 2 + 1 state, evolving into a prolate shape for the 4 + and 6 + members of the ground-state band. Subsequent microscopic calculations [9] of the light Se isotopes by using the adiabatic time-dependent HFB method provide a similar picture. In these calculations, the 0 states show increasingly prolate wave functions.
The underlying microscopic driver for this shape coexistence lies in the single-particle states in the N, Z = 28-50 shell, with negative parity fp orbits low in the shell and the intruder 1g 9/2 orbit higher. States with dominant fp occupancy tend to show softness, or small oblate deformation, while states with significant 1g 9/2 occupancy are highly deformed. All Nilsson-like calculations show similar features, with significant gaps between Nilsson orbitals both for oblate and prolate deformation at N, Z = 34-38. However, the size of the gaps and their dependence on deformation, β, and triaxiality, γ , differ from model to model. These differences lead to significantly different predicted shape landscapes with different binding energy minima and different barriers between them. Experimental data should be able to differentiate between these models. However, to unfold the coexistence, especially to delineate the substantial mixing owing to low separation barriers, requires rather complete spectroscopy. This paper is aimed at improving the data on relatively low-spin non-yrast states in 72 Se. Several studies have investigated 72 Se in beam, so the purpose of this project was to provide new complimentary data from β decay. It builds on the pioneering decay work of Collins et al. [8] .
72 Br has two β-decaying states with J = 1, 3, so it populates a wide variety of low-spin states. The large Q value of 8799(7) keV allows states above 4 MeV to be observed. The use of a modern array of Compton suppressed detectors at many angles provided very high-quality data. These data allowed new states to be seen, some errors to be identified and numerous branching ratio and angular correlation measurements that are critical to the question of shape mixing.
II. EXPERIMENT
Excited states in 72 Se were populated in the /β + decay of 72 Br and studied through off-beam, γ -ray spectroscopy. In the beam-off cycle, γ rays were detected with ten Compton-suppressed segmented YRAST Ball Clover highpurity germanium (HPGe) detectors. The detectors were located 21.5 cm from the target position. The array photopeak efficiency was ∼1% at 1.3 MeV and covered an energy range from ∼50 to 4000 keV. Both γ -ray singles and γ -γ coincidence data were collected in event mode. Six hours of data were collected with a singles trigger and 34 h of data were collected with a doubles trigger, yielding 4.0×10 7 Clover singles events and 5.4×10
7 Clover-Clover coincidence pairs, respectively.
Energy and efficiency calibrations were performed using standard sources of 133 Ba, 152 Eu, and 226 Ra. Data were sorted in histograms and matrices by using the CSCAN sorting package [14] . The analysis was performed by using the RADWARE package [15] . The projection of the γ -γ coincidence matrix is shown in Fig. 2(a) . 72 Se is the strongest observed channel. Significant contaminant channels include 69,71 Ge and 71 As. The quality of the coincidence data is illustrated in Fig. 2(b) , with a gate on the 862-keV, 2 [8] , which used an identical reaction as in the present work to produce the parent 72 Br nuclei. The only other prior experimental study on the decay of 72 Br is from Refs. [6] and [7] , which measured the lifetime and decay properties of the 0 + 2 state at 937 keV. In the present work, no evidence is found for four levels previously proposed in β decay, 25 new levels are identified, and the decay properties of several levels are significantly modified. Table I summarizes the levels  populated in 72 Se and their γ -decay. The present level scheme for levels populated below 3200 keV is given in Fig. 3 .
A. Discussion of levels
The 0 + 2 level at 937 keV has been well established in several experiments [13] . Two independent measurements for the lifetime of the level yielded values of τ = 22.9(14) ns [6] and τ = 27.8(6) ns [16] . The ratio of E0 to E2 decays was determined in Refs. [6] and [7] to be 0.37 (23) . This measurement was performed by comparing the intensities of the 1137-keV transition (which directly feeds the 2 + 1 state) and the 1062-keV transition (which directly feeds the 0 + 2 state) in the singles and coincidence spectra. In the present work, we perform a similar analysis, however, because the singles spectrum is quite complicated and the chance for overlapping contaminant peaks large, the ratio is extracted by using gates from above and below the 0 A 2 + level at 1317 keV has been identified in both β decay and (HI, xn) reactions [13] and observed to decay to the 0 + 2 , 2 + 1 , and 0 + 1 states through transitions of 380, 455, and 1317 keV, respectively. In the present work, the 455-and 1317-keV branches are confirmed and found to have intensities consistent with the literature values. The intensity of the 380-keV transition was reported [13] as approximately 0.5 that of the 455-keV transition. Because the efficiency for detecting the low-energy 75-keV, 0
was not precisely known, the intensity of the 380-keV transition was determined relative to the other depopulating transitions by using gates on transitions feeding the 2 + 2 level. Figure 4 (a) illustrates the relative intensities of the transitions depopulating the 1317-keV level by using a gate on the 1089-keV feeding transition. From a number of gates on strong transitions feeding the 1317-keV level, the intensity of the 380-keV transition is found to be approximately a factor of 5 smaller than that of the 455-keV transition (see Table I ). The change in intensity of the 380-keV transition has a significant effect on the B(E2; 2 + 2 levels through transitions of 1014 and 559 keV, respectively, and was tentatively assigned possible spin values of (2, 4) . In the present work, the 559-keV transition to the 2 + 2 state was confirmed. A 1014-keV transition was observed in coincidence with known lines in 72 Se, however, the γ -γ data yielded a different placement in the level scheme. In a gate on the 710-keV transition, which feeds the 1876 keV-level, a strong coincidence is observed with the 559-keV transition and only a very weak coincidence with a 1014-keV transition, as shown in Fig. 5(a) . The previous branches for the 559-and 1014-keV transitions were reported [8] as approximately 4 to 1, respectively, which is clearly not observed in the 710-keV gate. In a gate on the 1014-keV transition, coincidences are observed with both the 559-and 710-keV transitions as well as with a 1724-keV transition, as shown in Fig. 5(b) . Both the 710-and 1724-keV transitions depopulate a level at 2587 keV and thus the 1014-keV transition is given an alternate placement as direcly populating the 2587-keV level.
The level at 1876 keV is now supported by a single depopulating transition to the 2 + 2 state at 1317 keV. In the γ -γ angle matrices gated on the 1317-keV, 2 the 1089-keV transition is discussed in relation to a 2406-keV level below. The present data find a 831.1-keV transition strongly coincident with 1432-and 977-keV transitions, as shown in Fig. 8 . Both of these transitions depopulate a previously identified level at 2294 keV (discussed below) and thus the 831-keV transition is given a new placement as directly populating the level at 2294 keV. A strong 830-keV transition is also observed in the γ -γ matrix, but is found to originate from 71 As [17] , produced in a competing reaction channel. No evidence is found in the singles spectrum for a 2151-keV transition. Furthermore, gating on the 775-keV, 4
transition gives no indication of a 512-keV transition. With no support for any of the depopulating or populating transitions, the present data find no evidence for a level at 2150 keV.
A (2) level at 2294 keV was previously identified in (HI, xn) reactions [13] and observed to decay to the 2 transition to the 4 + 1 state is also identified. This new transition is consistent with the prior (2) spin assignment. The statistics in the angle matrices were not sufficient to extract any further information on the spin of this level.
A level at 2372 keV was reported [13] to decay via four depopulating transitions to the 0 Table I ). The angular correlation analysis for the two strong depopulating transitions (1055 and 1510 keV) is given in Fig. 9 . Both transitions point to a spin 2 + assignment for this level, which is also consistent with all the observed decay branches. The 1055-keV transition is found to be mainly E2 in character, with a measured δ of +7 +19 −4 , as shown in Fig. 9(a) . The 1510-keV transition is found to have a mainly M1 character with δ = −0.02 (20) , as shown in Fig. 9(b) .
A level at 2406 keV was previously observed in (HI, xn) and ( p , t ) reactions [13] and assigned a spin of 3 − . In the (HI, xn) studies, a single transition of 1089 keV to the 2 + 2 state was observed. In the present work, a strong 1089-keV transition is observed in coincidence with the 380-, 454-, and 1317-keV transitions, all of which depopulate the 2 + 2 level, as shown in Fig. 4(a) . Thus, the 1089-keV transition is associated with the decay of the 3 − , 2406-keV level observed in the (HI, xn) reactions. In the prior decay study [8] , a 1089-keV transition was doubly placed as populating the 1876-and 2150-keV levels. As seen in Fig. 4(a) , the 1089-keV transition is noncoincident with either of the strong transitions depopulating these levels (559 and 832 keV). An angular correlation analysis of the 1089-1317 keV cascade is consistent with a spin of 3 for the level and gives δ = −0.10 (17), consistent with E1 multipolarity and therefore negative parity.
A level at 2434 keV was reported [13] to decay to the 2 − . In the present work, no evidence is found for the 2434-keV transition to the ground state. An angular correlation analysis of the 1572-862 keV cascade is given in Fig. 9(c) . A fit with a 3-2-0 cascade and δ = 0 (assuming E1 multipolarity for the 1572-keV transition) is not consistent with the data. The best fit is obtained with a spin 2 for the 2434-keV level and δ = −7 +4 −10 for the 1572-keV transition.
Many additional changes were made to the previous level scheme of 72 Se. These are summarized in Table I . The present data find no support for the 2965-, 3226-, and 3240-keV levels proposed [8] in the prior β-decay study. The reported depopulating transitions from these levels were either given alternate placements in the level scheme or found to belong to contaminant nuclei. Many additional new levels were observed above 2.8 MeV. These are usually supported by two or more depopulating transitions.
Several of the newly identified levels are rather strongly populated in β decay. The parent 72 Br decaying states have different structures, the 1 + ground state composed of particles in the fp shell [18] and the 3 − isomer involving occupancy in the g 9/2 orbit, and thus the strength distribution could provide some insight into the structure of states populated in 72 Se. The current experiment was not optimized for measuring the true β-decay strength distribution. The thick target, low-energy arrangement was very clean for γ -γ coincidence studies, but the spectra were not of sufficient quality to identify direct ground-state decays from levels above 4 MeV in the singles mode. Further, both 72 Br decays were involved and the contributions could not be separated in this dataset. Despite these shortcomings, some information can be inferred about the β-strength distribution by determining the difference in γ flux populating and depopulating each level. This is illustrated in Fig. 10 , which shows distinct peaks of population at the first excited state (which causes the high intensity in the 500-1000 keV bin) and to levels ∼3.3 MeV. The former peak can be attributed to missing strength from high-energy, low-intensity transitions populating the first excited state. However, the latter strength, arising from intense population of levels near 3.3 MeV, appears to have a structural origin. It lies close to the quasiparticle excitation energy of states based on the deformed 72 Se configuration. Configurations of this type would be expected to be populated in the decay of the isomeric (10.3 s) level in 72 Br as this parent level has proton occupancy of the g 9/2 shell-model state, the driver of deformed configuration. However, the overlap of parent and daughter states is far from complete; even if all the isomeric level decayed to this region, the integrated strength would only have a log f t value of 4.2(2). Nonetheless, in the future it would be interesting to confirm the isomer decays favor population of the ∼3.3 MeV excitation energy regime by performing a time-resolved measurement to separate ground-state and isomeric decays.
III. DISCUSSION
Several prior studies [6, 7, 12] have analyzed 72 Se in terms of simple two-level mixing of the 2 + states and assuming 50%-50% admixtures. With the new branching ratios measured in the present work and new measurements of the lifetimes in the yrast band [4] , we reinvestigate the applicability of simple two-level mixing. From the plot of moment of inertia (Fig. 1) it is clear that the mixing mainly occurs for low-spin states. We expand upon the prior mixing studies and allow for mixing of both the 2 + and 4 + states, following the formalism outlined by Dickmann and Dietrich [19] . The 2 + and 4 + states are assumed to have mixed character, with a wave function of the form
In the simplest model, the 0 
where E I are the perturbed energies, ε the unperturbed energies, and h I are the mixing matrix elements. For the vibrational states, the unperturbed energies are taken to follow a phonon scheme, with ε vib = (J /2)hω. The rotational states are described by a simple rotational energy formula with
, where η is the bandhead energy and J is the moment of inertia of the band.
The a J ,b J coefficients can be determined from the energies or B(E2) transition strengths. As the latter are more sensitive to the wave functions, we use the yrast band B(E2) strengths to deduce the mixing coefficients. Assuming that there is no overlap between the vibrational and rotational wave functions, the B(E2) strengths can be written as [19] In Table II , the experimental transition strengths from the 2 [20] . The Se isotopes have been described by IBM-2 calculations, where a distinction is made between protons and neutrons. In these studies [21, 22] , it was found that the isotopes with N 40 could be well described, whereas significant discrepancies were found for the N < 40 isotopes, particularly in the energy of the 0 + 2 state. To incorporate the presence of shape coexistence, we performed IBM with configuration mixing [23, 24] calculations (IBM-CM). Using the IBM-1 formalism where there is no distinction between protons and neutrons, the system is composed of regular states with the standard N bosons that mix with deformed states corresponding to N + 2 bosons. The latter arises from the assumption that the deformed configuration consists of two particles being promoted into a higher lying shell or orbit. For 72 Se, this corresponds to N reg = 8 and N def = 10, with the deformed configuration based on particles in the g 9/2 orbit. The full Hamiltonian is given by [23, 24] Ĥ = H regPreg +Ĥ defPdef +V mix , whereP are projection operators and whereĤ for the axially symmetric prolate, χ = 0 for γ soft, and χ = + √ 7/2 for the axially symmetric oblate. The α o , β o parameters control the strength of the mixing and the parameter is approximately the single-particle energy required to promote a pair of particles.
Usually in IBM configuration mixing calculations, the , κ, χ , and e b parameters are determined by fitting nearby isotopes where either the spherical or deformed configuration is thought to dominant. As this is a region with rapidly changing shapes, it is difficult to find neighboring isotopes that correspond to the pure configurations. Instead, we make use of the results of the two-band mixing calculations to determine the parameters for the two configurations. We obtain reg = 1.25, def = 0. The results of the IBM-CM calculations for 72 Se are given in Fig. 11 . Some absolute B(E2) transition strengths are also included in Table II for The states discussed thus far involve only the yrast levels of the two configurations. In principle, each of the different shapes should also have so-called "β" and "γ " collective vibrations built upon them. An interesting feature of the IBM calculations is the prediction of two closely spaced 0 + states lying near 2 MeV. These 0 + states are predicted to be completely mixed and arise from states built on the ground state and prolate configurations. In the absence of any mixing, it would be expected that one 0 + state decays predominantly to the ground state and the other to the prolate configuration. This decay pattern is observed in the calculations (Fig. 11) despite the fact that both the 0 In conclusion, the low-lying excited states in 72 Se have been investigated following the β decay of 72 Br. The decay scheme was extended and revised based on high-quality γ -γ coincidence data and angular correlations were measured. Evidence is found for the population of two different configurations, one set of levels based on the ground state, which is probably slightly oblate deformed but soft to vibrations, and another based on a state with considerable prolate deformation. Two-level mixing places the unperturbed excited band at ∼875 keV. However, the interaction between configurations is very large, ∼225 keV, and the mixing between the lowest J = 2 states is almost complete. The strong mixing suggests that the barrier between the configurations is not sufficiently high or thick to localize the wave functions in their respective minima. Consequently, the intuitive classical concept of well-defined "shapes" is lost for the lowest levels, although probably more appropriate at higher spins. This is consistent with beyond-mean-field Hartree-Fock calculations for this region. The β-decay strength is found to be peaked in a few states near 3.3 MeV, possibly owing to particle-hole excitations based on the deformed configuration.
